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Abstract—We use an equivalent-circuit model to derive the link can be. Specifically, it has been previously claimed [5]-[7]
minimum noise figure (NF) for an amplifierless optical analog that, in the absence of electronic preamplification, an optical
link with a perfect lossless input impedance-matching circuit. analog link with perfect lossless input impedance matching
This minimum, which is 3 dB, is called the lossless passive - . ; .
match limit. We contrast the link model with an analogous has a mlnlmum NF of 3 dB. Thlh;)ss_less passive mat_ch I'm_'t
equivalent-circuit model for a transistor amplifier, which does as we call it, has generated confusion because: 1) it is widely
not have the same limiting NF under this impedance-matching known that other active two-port electronic devices, such as
condition. It turns out that the link’'s 3-dB limit arises from the  transistor-based low-noise amplifiers (LNA’s), have exhibited
ohmic nature of the impedance of the device that modulates the microwave NF’s below 3 dB even when impedance matched

light, and not from the electro-optic conversion processes in the f . . ther than f . NE and 2) it i
link. In a prior experimental link with near-perfect impedance '0f Maximum gain rathér than for minimum and 2) it is

matching, dissipative loss in our input circuit precluded achieving Not widely known in what specific ways the analog optical
a measured NF of less than 4 dB. Investigation of the effects of link differs from these devices and why the lower limit to its
input impedance mismatch indicates that mismatch can actually NF js, therefore, different.

lower the NF to below 3 dB even when dissipative loss is presentin |, this paper, we present a derivation of the lossless passive

the input circuit. We have used this mismatch effect to reduce the L . . L
measured NF of our link to 2.5 dB at 130 MHz. We believe this is match limit, employing an equivalent-circuit model for an

the first demonstration of amplifierless-link NF of less than 3 dB. analog optical link with a lossless input impedance-matching
circuit. We then derive how excess loss in the input impedance-

matching circuit affects the NF. We find that, as one would
expect, this loss at the link input raises the noise-figure limit
from 3 dB to a value equal to 3 dB, plus the impedance-
. INTRODUCTION matching circuit loss in decibels. This effect does not bode

INIMIZATION of analog optical link noise figure (NF) Well for attempts to achieve very low amplifierless-link NF's.

is very important in app"ca’[ions such as remote sensi,htpwever, as we discuss further on, we know that there exists
and receive antenna remoting. It is usually accomplished BY/least two techniques for reducing the amplifierless-link NF
using a low-noise amplifier before the modulation device (i.€Q below 3 dB, even in the presence of input circuit loss. We
the external modulator or directly modulated semiconductBave chosen to experimentally pursue one of these techniques,
laser). However, relying on large preamplifier gain to counvhich involves the use of an interface circuit that transforms
teract a large-link NF can yield a significantly smaller overathe modulator impedance but purposely refrains from matching
dynamic range. Therefore, it is important to understand hdivto the source impedance.
the amplifierlesslink’s NF can be minimized.

To date, the lowest reportEd link NF's have been demon- II. DERIVATION OF THE PASSIVE MATCH LIMITS

strated at relatively low frequenC|e_s (us_ur?llly be_Iow L GHZ.) An NF is defined as “the ratio of the available output noise
[1]-[4] because, at lower frequencies, it is easier to obtain

N .- ower per unit bandwidth to the portion of that noise caused
lasers, modulators, and detectors with high-efficiency and loyv- . )
the actual source connected to the input terminals of the

noise characteristics, and it is easier to achieve high g . N
from impedance matching. As device technology improves,%EV'C?’ measured at a standard temperature of 290 K” [8].
should be possible to extend these results to higher microwal atis,
frequencies. Additionally, at the same frequencies where the _
lowest NF results have been reported, higher efficiency and NF = 10 log {_out} 1)
lower noise devices should enable the NF to be decreased NG
even further. However, there is a limit to how low the NF of a
whereN oy = NinG 4+ Nadded, Nin = k7T, G is the available
gain, k£ is Boltzmann's constant, and” = 290 K. Note
Manuscript received November 9, 1997; revised May 28, 1998. This wotkat determination of link NF using (1) requires knowledge
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Fig. 1. Equivalent circuit of an intensity modulation/direct-detection optical link with perfect lossless input and output impedance-matciitieg ci
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link under a number of modulator interface-circuit conditionsjoise per unit bandwidth added by the link
beginning with the case of a lossless circuit that perfectly

impedance matches the modulator to the RF source. Except 2 2 2 2

) ; == [Vtn, m ] 2 1Zm|* Zp| |vin, dl
where we specify, “modulator” can be interpreted to meaNadded by link = ARv |g1] IRvR 1R
either an external electrooptic intensity modulator or a directly M A; ’23 ZD 5
intensity-modulated semiconductor laser. +42 |Zol” | 2 1Zp] (3)

; (3 .
rin 4RD shot ZRD

. . _ Notice in (3) that because the four noise sources are uncor-
A. Link with Lossless Impedance Matching related, the total noise they contribute at the link output is
Fig. 1 shows an equivalent circuit for an intensitydetermined by summing the noise powers—each of which is

modulation/direct-detection optical link with perfect andalculated from the square of a voltage or current—rather than
lossless modulator and detector impedance-matching circulf¥. summing voltages or currents and then squaring.

At any frequency, one can model the modulator and detector)n this paper, we continue to represent the effects of laser
respectively, as impedanc&s; andZp,, whose real part®,, RIN and shot noise using the very simple forms shown in

and Rp represent physical ohmic resistances with associatéd: More detailed expressions for these two noise powers are
thermal noise. Similarly Zsource and Zioaa represent the RF given elsewhere [5]-[7]. The thermal-noise terms are more
source and load impedances, respectively, &glc. and relevant to our discussion, since they give rise to the lower
Rioaa are their real parts. Reactive circuit elements transforifnits to NF. The thermal-noise-voltage spectral densities in

Zyr and Zp, so that the link input and output impedances are) are calculated using the following relationships [9]:

ZY e @Nd Z |, respectively. ,
The optical link between the modulator and detector is |Uth,m|2 =4kT Ry (4)
represented in Fig. 1 by a voltage-dependent current source. |vin, a* =4kTRp. (5)

The photocurrent is a function of the optical power incident o ) . i ) .
on the photodetector, which is itself a function of the voltagauPstituting these into (3) yields the noise per unit bandwidth
across the modulator. The link's transducer ggincan be added by the link

expressed as the ratio of the small-signal photocurigno N added b ik
the small-signal voltage,,, across the modulator electrodes, added by i

2 2 2
gnd. has a dimension of amperes/volt_. Th_e magnit.u.dglof = kT@PM + KT + (%, +ighot)@
is dictated by the type of modulator, its bias condition, and 4Ry Bp Zo? 4Rp
the total optical loss in the link. Thus, one derives the link's — BTG+ kT + (32 4+ 42 Zp 6
available gainG as follows (we use “gain” here in the most +RT A (i + o) 4Rp ©
general sense; i.e., insertion loss is simply less than unity gaiJH]:erefore
G = Poie | 21ZmPZp)? 5 Now =ETG + Naaded by link
= Buw W aRR, @ 20l
7 =2kTG+ kT + (LIQ‘III + ighot)? (7)
-D

The equivalent circuit also includes two voltage sources and

two current sources representing noise that is always generff@ Ithe NF for_ an a(;nphflerlesshqptpal aTalcl)g I|3IBW|thbpe_rfe<_:t
in any intensity-modulation/direct-detection linkiy, ,, and ossless input impedance matching is calculated by substituting

e, 4 are the thermal noise voltages generated by the ohnqe into (1)
resistive portions of the modulator and detector impedances, (12, + i3 Zp|?
respectively;i2  and<%,_, are the current spectral densities NE=10log |2+ &+ " RpkTG - ®

of the photodetected optical relative intensity noise (RIN) and
shot noise, respectively. From the equivalent-circuit represdfor largeG, (8) reduces to théossless passive match linuf
tations of these four noise sources, one can calculate the outi§tit = 10 log [2], or 3 dB.
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Fig. 3. Equivalent circuit for an intensity-modulation/direct-detection optical link with arbitrary input impedapgg, and resistorsi?; and R» to
simulate loss in the modulator interface circuit.

B. Bipolar Transistor with Lossless Impedance Matching seldom yields the minimum NF for a transistor amplifier, NF

The noise-figure derivation has yielded a 3-dB lossle§&n Pe less than 3 dB. To minimize NF, bipolar transistor
passive match limit for any two-port three-terminal activdeSigners seek to minimize the base-spreading resistgnce

device in which the entire real part of the input impedance
is ohmic. Since intensity-modulation optical links fall into thigC. Link with Lossy Modulator Impedance-Matching Circuit

category, they differ from many other active two-ports. FOr rig. 3 shows the equivalent circuit for an intensity-
instance, most transistors, including bipolar junction transistaksydulation/direct-detection optical link, as was shown
(BJT's) and MESFET's, have input impedances with re@h rig. 1, but with some important changes. Instead of
parts arising not entirely from physical ohmic resistancegansformingR,; (the real part of the modulator impedance)
In the hybrids small-signal equivalent circuit of a bipolarperfectly and losslessly to the source resistafiggce, the
junction transistor, which is shown in Fig. 2 with losslesgyssless transformer makes the modulator appear to have
input and output impedance-matching circuits, the elemenSresistancer’. The loss of the matching circuit is then
ryre and Cy. represent the base-to-emitter impedance [1®imylated by adding a combination of series and parallel
These elements yield the same voltage-to-current relat'O”SFHaBistancesRl and R,, respectively), resulting in a purely

at the base that arises from the base-to-emitter characterisiig, |ink input impedanceRy,,.. An additional component
but their impedance is an incremental or effective one, rathgiih reactanceXy,, is shown in series with this configuration
than an ohmic one. Consequently, whereas the base-spreagiguse, in Section 11, we will be examining NF as a function
resistancery, contributes thermal noise d_u_e to its ohmiGf complex link input impedance. For now, however, we are
nature, the element,. does not. If, for simplicity's sake, we sj|| concerned with the impedance-matched case, i.e., where
neglect shot noise and consider only low frequencies (Whefﬁnk = 0, Ry = Reouree, and Z” = R/,

same way as we did for the optical link matching circuit loss, it is desirable to express the resistances
_ Toor R, and R, as a function of the loss they impose. This can be
Nawseavypor = oo RTG + KT (9)  done by invoking several relationships between the quantities
Now =FTG + Nagded by 53T shown in Fig. 3, beginning with
Tob’ RoR!
=(1 KTG+kET (10 L= ') = Sk uhi
< L +7,b,€) + (10) Rine = By + (Rol|R) = Ri+ = (12)
and
oy 1 or, equivalently,
NF =10 log [1+”’—”+—}. (11) g y
Topr +T0re G RoRi1. — R R
R/ _ AWk 1412 (13)

Note that even in this impedance-matched condition, which R+ Ry — Ry
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Notice also from Fig. 3 that The general passive match limit helps to explain the mea-
 RywBa+ RyR; sured amplifierless link? and NF we have reported previously

Z" = Ry||(Ryjnk + Ry) (14) [4]. We had impedance matched the |d%y-external modulator

Ruiie + By + Ry in a narrow-band link to the 5@- RF source using a circuit

from which we can conclude that for which G5, had been independently measured to-H®7
R2 _R2 dB. When we used a very large optical power (400 mW) at

Ry = h“l;z 1 (15) the input to the modulator, we measurét= 26.5 dB and

and ! NF = 4.2 dB at 150 MHz. UsingG = 26.5 dB along with
R . _R? G = —0.7 dB and the other parameters in our link model
R = % (16) resulted in a predicted NF of 4.0 dB, which we interpret as

link

confirmation of the model. Since achieving this result, we
At this point, the gain derivation that resulted in (2) for théaave attempted to reduce the modulator interface-circuit loss
lossless impedance-matching case (which we will now cadl reduce the NF. We have also sought a means of reducing
Ghossless) Can be repeated to yield an expression for link gaiie NF even further by somehow circumventing the lossless
that includes the effects of circuit loss passive match limit of 3 dB, as is discussed in Section lII.

Zm?1Zp|? Rimk — Ry _ Ly — Iy
4Ry Rp Rink + 1 Riink + 1

G = |gl |2 | Glossless” -

17) I1l. M ETHODS FORREDUCING NF TO BELOW 3 dB

o . o In Section I, we showed that if the modulator in an ampli-
Defining G = G Grossiess, WhereGy is the circuit's excess fierless link is perfectly matched to the RF source impedance,
gain (less than one for a passive circuit), it is clear that thgen the ohmic resistive portion of the modulator impedance

circuit loss must be related to resistange as follows: contributeSkTG 10 N added by link, SO that N, is at least
Rinx — Ry 2k7TG and NF is at least 3 dB. Reducing NF to less than 3 dB
Gy = Riux + Ry (18) requires a reduction of the modulator impedance’s contribution
t0 Vadded by 1ink SO that it is significantly less thakll’G. We
and, therefore, are currently aware of two methods for accomplishing this,
1— Gy which are: 1) using a traveling-wave electrooptic modulator,
Ry = leink (19) in which ideally the only added thermal noise on the electrodes
4Gy is generated by the termination impedance (which has a dimin-
Ry = WRnnk (20)  ished contribution to the output noise because it is launched
and M in the “counterpropa}gating” d_irection [11]) and 2) removing
4Gy the “match” constraint by using any type of modulator, but
R = leink- (21) purposely mismatching it to the RF source impedance in such

a way that the thermal noise voltage its ohmic impedance

These equations make sense in that removing the lossy gjenerates is divided so that less of it is ends up being across

ments from Fig. 3 results 7y, = 1 (so thatG = Glesskess),  the modulator. Both of these methods for potentially reducing

which is equivalent to settingt; = 0 and B> = oc. the NF can result in less than 3-dB NF, even in the presence
With the resistance®; and R, now expressed as functionsof some matching-circuit loss, as is explained further in this

of the loss they represent, it is possible to derive the NF asction.

a function of that loss as well. Fig. 3 shows thermal noise

voltages generated by these two impedances. Including th

two additional noise voltages in the derivation yields th

following expression for the NF of a link with perfect, but f a traveling-wave modulator is used, then, in the lossless
not lossless input impedance matching match case, the electrode characteristic impedance and elec-

trode termination impegance are both equalAQ .., and
NF = 10 log [1 + 1-Gu 1 1-Gum 1 + 1 the only contribution taV,qded by 1ink ffom the modulator is
1+Gw  Gul+Gyw Gu G the thermal noisé&7 generated by the termination resistance

%\S.eUsing a Traveling-Wave Modulator

(2, + 3.0 Zp|? Ryoumce. This thermal noise is launched onto the traveling-
+ ARNWETG wave electrode from the end opposite from the end onto which
D pp
9 1 (2 +i4 ) Zp|? the input signal is launched. In a traveling-wave modulator,
=10log | — 4 = 4 o —_schot (22) the electrical and optical phase velocities are matched in the
Gv G ARp kTG

direction that the signal is launched, whereas the thermal noise
For very large, the general passive match limit to NF isfrom the termination resistance propagates in the direction
therefore, 10 log[2/G ], which is equal to 3 dB plus the counter to this preferred launch direction. Therefore, at any

loss in the matching circuit (recall tha¥,, is the excess modulation frequency where the signal’s effective wavelength

gain—which is<1 for passive circuits—and, thereforg/,G5; in the modulator material is much less than the traveling-wave
is the excess loss). This result is what one expects when additectrode length, the modulator thermal noise will contribute

passive attenuation to the front end of a network. negligibly t0 N aqded by 1k, SUCh that the lossless passive
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Fig. 4. Setup for measuring the NF of the experimental amplifierless link with tunable input impedance.

match limit for this type of modulator is close to 0 dBwhen mismatch cause§ to be smaller than its maximum
(depending on the modulation frequency) [11]. (i.e., perfect input impedance match) value.

We have chosen not to attempt this method of obtaining This mismatch method is what we have chosen to pursue in
less than 3-dB NF because it is easier to minimize the shmir efforts to demonstrate an amplifierless link with less than
noise contribution taV ,qeq by link (Which must be done if 3-dB NF. In our actual modulator impedance-transforming
very low NF's are to be obtained) using a modulator with eircuit, we expect to have some loss, so it will be helpful
high-impedance lumped-element electrode than it is usingahave general expressions for gain and NF that include the

traveling-wave modulator with the samé. effects of this loss in addition to the effects of impedance
mismatch. Repeating the gain and NF derivationsAgg, #
B. Removing the “Match” Constraint Reouwrce @and Gy # 1 yields
It is possible to purposely mismatch the modulator and RF Rii Reource 2 |Zx 12| Zp)?

source impedances in such a way that voltage division causes G= | Ziime + Roomrce|? lg1 Gum (25)

less of the thermal noise voltage generated by the modulator
resistance to be imposed across the modulator electrodes. Taigl (26), shown at the bottom of this page, which are valid
in turn, causes the modulator's thermal noise to contribufier any link input impedance and for any amount of modulator
less thankT'G to N ,aded by 1k, Making it a second potential interface-circuit loss. In the case wheM = 0, Zinkx =
method for reducing the link NF to less than 3 dB. Ry = Rsource, and Zy, = Ry, these reduce to the expres-
Deriving the link gain and NF for any link input impedancesions already given for the perfect input matching case with
Ziiak (= Riuk + j X1k ), assuming lossless impedance trandoss [(17) and (22), respectively]. Wheh,, = 1, they reduce
forming circuitry (i.e.,Gy;r = 1), yields instead to the equations given for the case where the modulator
interface circuit is lossless, but does not impedance match

Ry Rp

. 2 2
— RiinicFsource lg1]? [Zum | Zp] (23) the modulator to the source (23), (24). Finally, combining the
| Ztink + Rsource|* Ry REp lossless and impedance-matching conditions causes (25) and
and (26) to reduce to (2) and (8), respectively.

R?\/] |Zlink + Rsource|2 + 1
RlinkRsource|RJ\l + Z§\4|2 G . . .
(2, +43. )| Zp|? We assembled an external modula}tlon !mk using thg same

ARKTC (24) Iasgr, modulator, and detect_or descrlb_ed in [4],_ but thls time

D

we incorporated a modulator interface circuit having adjustable
A link NF of less than 3 dB can, therefore, be obtained if th@ductance and capacitance values. Varying the tunable re-
modulator interface circuit is designed to yield a link inpuactance values in small increments, we used a calibrated
impedance that causes the second term in (24) to be less thi&@8510 network analyzer to measure the resulting link input
one (provided that higli? components are used so that thémpedanceZy,, and used the experimental setup shown in
interface circuit loss is minimized). For this to be successfutig. 4 to measure the corresponding link NF. We calibrated the
the third and fourth terms in (24) must remain small evedP 8970A NF meter with a noise source having low excess

NF = 10log |1+ IV. EXPERIMENTAL RESULTS

+

1- G/\/f Rlink 1- G/\/f |Z1ink + Rsource|2 [(1 - GI\/I)Rlink + (1 + C';(]\/I')-Rsource]2 + (1 + GI\/I)QX]Qink
1+ G]\l Rsource 1+ G]\l 4G1\4RlinkRsource (Rlink + Rsource)2 + X12ink
R} | Znink + Riourcel” 1 (ifn 3o 2Dl

G]W-RlinkRsource|R]\l + Z;\/I|2 + 5 + 4RDI€TG

NF = 10 log |1+

(26)
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Fig. 5. (a) Analytically determined consta@tand constant-NF circles on a
Smith chart plot of the transformed source impedadég presented to the

Ziink = 106193 Q 24 dB
Measured G = 24.5 dB, NF=2.5dB

Fig. 6. Conformal mapping of the constaft-and constant-NF circles
of Fig. 5(a) from Z/,-space intoZy;, space. The impedance where we
measured> = 24.5 dB andNF = 2.5 dB is also shown.

analyzer. This verified that the meter had given an accurate
NF measurement for the link.

To our knowledge, 2.5 dB is the lowest NF ever reported
for an amplifierless optical link. The significance of this result
is not solely its record-breaking nature, but rather how it adds
to our understanding of the relationship between link gain and
NF under high-gain conditions. In effect, what we have shown
is that when a link has very large available gain, it exhibits
many of the same qualities as other high-gain devices such
as BJT’'s and other transistors. Indeed, (23) and (24), which
relateG and NF to the source and link input impedances, give
rise to constant and NF loci on the Smith chart in much
the same manner that an amplifier's gain and NF behavior
was first shown to be represented on a Smith chart plot of its
source impedance [12].

Using our model of the experimental link, we have rendered
such a Smith chart plot in Fig. 5(a). Note that what is plotted
here is notZy,x, but ratherZz),, the impedance presented
to the modulator by the RF source (which lossless passive
circuitry can transform to any finite impedance). Therefore,
the effects of matching circuit loss are ignored—just as they
always are in similar Smith chart plots published by transistor

modulator in the experimental amplifierless link. (b) Analogous congant-manufacturers, such as the one shown in Fig. 5(Npte

and constant-NF circles for an example bipolar transistor.

on the link plot that the lossless passive match limit of
3 dB is represented by the poirf;, = Zj,, which is

noise ratio (ENR) before measuring the link NF. When th@e perfect lossless match case. Two additional facts about
tunable reactive elements in the modulator interface circyilg. 5 are worth noting. First, unlike the transistor, the link’s

were adjusted such thaf;,, = 10.6 — 519.3 Q@ at f = 130

unidirectionality (i.e., the fact that itS;» is zero) causes the

MHz, we measured an NF of 2.5 dB at this frequency. Wheserfect match condition to always yield the highest gain, which
tuned in this way for minimum NF at 130 MHz, the NF varieds why theG = 27.2 dB point in Fig. 5(a) is aZ},. Second,

with frequency fairly strongly; we measuréd = 3.5 dB at
115 and 150 MHz.

if G for our link had not been so large, then the NF and gain
contours would more nearly line up with each other; that is,

We then replaced the link-under-test with a variable R#he input matching condition yielding the high&€stvould also
attenuator and adjusted the dial on this device until the meter
measured its NF as 2.5 dB. At this dial setting, we measured alkp jow-noise 4-GHz transistor amplifier using the HXTR-6101 silicon

insertion loss of~2.5 dB atf = 130 MHz using the network

bipolar transistor,” Hewlett-Packard Applicat. Note 976, May 1975.
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yield the lowest NF, as is the case for most links [as dictatef¥] A. Daryoush, E. Ackerman, N. Samant, S. Wanuga, and D. Kasemset,

by (23) and (24)].
Due to the difficulty of measuringy}, after the input circuit g
was tuned for lowest NF, we do not know exactly what spot on
the Smith chart plot in Fig. 5(a) corresponds to our measur
2.5-dB NF. Instead, we know that gt = 130 MHz, our
measured result corresponded4g,, = 10.6—;19.3 Q. Using
a computer-aided design (CAD) simulation of the tunablgé]
modulator interface circuit, we were able to map the circles
of constant&’ and constant-NF versus}, onto contours (no
longer circular) of constantt and constant-NF versusgy;,,y,.
These are shown in Fig. 6, along with the measured d
point of &G 24.5 dB and NF 2.5 dB at Zjjx =
10.6 — j19.3 Q. Besides allowing us to compare the analyticg
and experimental data, Fig. 6 has the additional attracti
feature of showing tha¥lF = 3 dB at Zy;,x = Zsource = 90 £2.

(20]

V. CONCLUSIONS
We have shown why 3 dB is the lowest NF achievable fd
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only yields low NF's when( is so large under the matched
condition thatl/G is still very small even in the mismatch
case. Of additional concern is the effect of input impedan
mismatch (which dictates return loss) on the performance
the analog RF system into which the link is inserted.
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